The Samail ophiolite, Sultanate of Oman, was selected for this study because it is probably the largest and best exposed ophiolite complex in the world. It crops out in an area of major topographic relief throughout a desert region comparable in size to the Sierra Nevada batholith (Figure 1 ). Not only is the Samail ophiolite large and well exposed, but in places the thrust slices of oceanic crust are essentially internally undeformed [Coleman, 1977] . Individual members of the ophiolite stratigraphic succession have thicknesses comparable to their typical oceanic counterparts.
The Samail ophiolite formed in the Hawasina ocean basin, which probably existed as an entity from latest Permian to latest Cretaceous time [Glennie et al., 1974] . The Hawasina Ocean was a portion of the great Tethys seaway, and the Samaft ophiolite apparently formed at a Tethyan mid-ocean ridge during Cretaceous spreading [Reinhardt, 1969; McCulloch et al., 1980; Tilton et al., 1981] . The ophiolite is the highest tectonic member of a series of nappes which were transported southward during Late Cretaceous time across the Arabian continental margin [Glennie et al., 1974] . A Maestrichtian-Tertiary shallow water marine limestone unconformably overlies the ophiolite and provides evidence for a minimum emplacement age [Glennie et al., 1974] . Zircon ages of 95 + 2 m.y. [Tilton et al., 1981] , together with a 90-m.y. KAr age from an amphibolite aureole beneath the Samail thrust, bracket the initial detachment age within the interval 95-90 m.y. [Lanphere et al., 1981] . Maestrichtian shales from the underlying melange require that last movement of the Samaft nappe is probably no older than 65-71 m.y. [Hopson et al., 1981] .
The present-day relief of the Oman Mountains is due to a Pliocene folding event contemporaneous with folding in the basaltic and rhyolitic volcanism in the Eastern Rift Zone of Zagros belt of Iran. Note that the Samail ophiolite was not emIceland [Muehlenbachs et aL, 1974] . These all represent classic areas of low-180 igneous rocks produced by interaction with circulating hydrothermal fluids . The major differences (ignoring scale) between these continental environments and the marine ophiolite complexes are the following: l, 1) In the latter, ocean water with a 8180 = 0 instead of meteoric water with a 8180 = -5 to -15 is the source placed into its present position by subduction followed by buoyant uplift along reverse faults at the front of an andesitic arc [Coleman, 1981] . Basal contact relations prove the existence of an episode of early movement while the lower portion of the Samail nappe was hot enough to produce extensive contact metamorphism, followed by a later movement under much lower temperature conditions. Emplacement was thus a two-stage process that apparently culminated in gravity sliding of the ophiolite mass onto the Arabian continental margin [Coleman, 1981; Boudier and Coleman, 1981] . Except for the basal amphibolite, none of the metamorphic assemblages observed in the oceanic crustal section are due to metamorphism associated with obduction. There is no evidence of any posternplacement Tertiary igneous activity in the Oman Mountains or along the eastern Arabian continental margin. Rare diabase and gabbro dikes with chilled margins crosscut the Samail peridotitc and the high-temperature contact aureole but do not crosscut the allochthonous Hawasina melange or the autochthonous Hajar group, suggesting a seafloor, pre-Maestrichtian origin. Therefore excluding the very low-temperature, late stage serpentinization of the peridotitc, which was apparently caused by meteoric waters [Barnes et al., 1978] , all of the hydrothermal metamorphism of the Oman ophiolite oceanic crustal section is attributed to seafloor processes.
Geology and Petrology of the Ibra Section
The samples analyzed in this study come from the Ibra area, southeastern Oman Mountains (Figure 2 ). The geology of this area is discussed in detail by Hopson et aL [1981] , so only those geological relationships necessary for this discussion will be reviewed here.
Samples were collected from two Wadis (Saq and Kadir) which drain the north limb of a syncline (Figure 2) . The peridotite-gabbro contact (the fossil 'Moho') crops out at the heads of the drainages near the crest of the range. Both wadis empty onto a pediment dotted with low hills of sheeted diabase dikes. The pillow lavas form relatively poor outcrops to the south, near the axis of the syncline.
The Wadi Saq gabbro section is truncated at its base by a late, low-angle fault which results in an atypically thin (3.5 km) gabbro section here [Hopson et al., 1981] . However, this section was picked for study because of the abundant sheeted diabase dikes which form well-exposed outcrops along this traverse. The Wadi Kadir traverse has a complete gabbro section (=5 km thick) but has limited exposures of sheeted diabase dikes. The combination of the two sections gives a virtually complete cross section through the oceanic crust.
Samples of gabbro dikes which crosscut the peridotite but are not chilled against it were collected from a traverse through the peridotite roughly collinear with the east fork of Wadi Kadir, just north of the area shown in Figure 2 , in collaboration with R. G. Coleman and F. Boudier. The latter workers are making a detailed structural and petrologic study along this section through the peridotite [Boudier and Coleman, 1981] .
From bottom to top, a generalized stratigraphic section through the ophiolite in the Ibra area consists of tectonized harzburgite peridotire; a thin basal zone of olivine-clinopyroxerie cumulates (wehrlites); followed by 3-5 km of olivineclinopyroxene-plagioclase cumulates (layered gabbros); grading into less than I km of plagioclase-hornblende +_ clinopyfoxerie +_ olivine + magnetite, noncumulate, high-level gabbro. Over an abrupt transition interval (<10 m thick) a zone of high-level gabbro with 10% diabase dikes gives way to a 100% sheeted diabase dike complex that is 1 to 2 km thick. Above the diabase dike complex is a relatively thin section of pillow lavas (<700 m thick), and above the pillow lavas, and in some cases intercalated with the pillow lavas are rare exposures of red chert.
Alteration minerals are abundant in the pillow basalt section (now altered to zeolite facies), in the diabase section (lower greenschist to lower amphibolite facies), and i• the high-level gabbro (amphibolite facies). Igneous textures are generafly extremely well preserved, indicative of essentially static, hydrothermal metamorphism. The lower cumulates commonly exhibit alteration minerals that are visible only under the microscope, such as very minor talc-.magnetite alteration of olivine. The cumulate rocks generally appear to be petrographically unaltered (but they are, in fact, highly altered; see below). The alteration mineral assemblages present in the diabases and pillow lavas are similar to those described in most other ophioli:e complexes throughout the world [Coleman, 1977].
EXPERIMENTAL RESULTS
Oxygen was liberated from silicates using the fluorine technique described by Taylor •'Abbreviationsi h, l•ornblende (brown or green); a, actinolite; c, chlorite; ca, calcite; px, clinopyroxene; e, epidote; f, plagioclase; hg, hydrogarnet; 1, leucoxene; ol, olivine; op, opaques; p, prehnite; pg, palagonite; q, quartz; s, serpentine; sa, saponite; sp, sphene; t, talc; z, zeolite; symbols in italics are alteration or secondary minerals; brackets enclose minor minerals (--<2% of rock).
• 6. High-temperature 180 exchange with hydrothermal fluids occurred at levels well below the stratigraphic horizon at which secondary hydrothermal OH-bearing minerals disappear in the cumulate gabbros.
Plagiøclase-Clinøpyrøxene Pairs
In addition to the D/H data, evidence for deep circulation of seawater-derived hydrothermal fluids comes mainly from data on coexisting plagioclase and pyroxene. Several such mineral pairs were examined from the cumulate gabbros and gabbro dikes and veins which crosscut the peridotite. This mineral pair is particularly valuable because pyroxene is so much more resistant to hydrothermal 180 exchange than is plagioclase [ Taylor, 1968; Taylor and Forester, 1971; Forester and Taylor, 1977; Taylor and Forester, 1979] . Throughout the gabbro section this mineral pair exhibits oxygen isotopic disequilibrium; based on analogous results from other localities [Forester and Taylor, 1977; Taylor and Forester, 1979] , it is clear that this feature is a result of subsolidus exchange.
Plagioclase The various isotopic relationships in K 9 were all established, or 'frozen in,' at high temperatures, and virtually no exchange occurred at extremely low temperatures. Similar statements can be made about all of the cumulate gabbros, most of which were much more strongly hydrothermally altered at high T than was K 9. The lack of low-temperature retrograde alteration is evidenced by the 'unaltered' plagioclase, the unaltered or only slightly amphibolitized clinopyroxene, the absence of serpentine alteration of olivine, and the presence of only minor talc + magnetite. In all these samples the alteration and oxygen exchange must have occurred at temperatures exceeding 400øC, with most exchange probably at much higher temperatures. As the temperature dropped below about 300øC, the water/rock ratio in the main mass of cumulates must have dropped to a value very near zero, except in the immediate vicinity of the vein and fracture systems. The process described above is well documented in many continental gabbro bodies Forester and Taylor, 1977; Taylor and Forester, 1979; Taylor and Coleman, 1977] , which also were altered at very high temperatures and which exhibit a paucity of OH-bearing hydrothermal minerals. For example, by numerically modeling the Skaergaard hydrothermal system, Norton and Taylor [1979] showed that more than half of the H20 that was ultimately 'pumped' through this gabbro body went through at T > 480øC, with maximum 
which is exactly the same as (6') for large •. This represents the fastest rate at which seawater can be brought down to a steady state value of zero.
In Figure 10 we plot (6) for various spreading rates assuming A --5.7, which is the same as assuming a tttSOsw = 0 for A rate of 12 km:/yr is used as the most plausible upper limit on the spreading rate; rates this fast have been proposed on some ridge segments during the middle Cretaceous for the period 85-115 m.y.B.P. [Larson and Pitman, 1972] . Such a rate is based upon extrapolating rates determined on small segments of preserved seafloor to the entire ridge system, as well as assuming that the overall ridge length is equivalent to the present-day value; thus 12 km2/yr may be too high for any reasonable Phanerozoic worldwide rate [Baldwin et al., 1974; Berger and Winterer, 1974] .
In order to understand how increasing the spreading rate affects the buffering system, we use a plot of spreading rate versus t•/2, the time it takes for seawater to more halfway from its initial/ The existence of ophiolites with similar structure and stratigraphy throughout the Phanerozoic [Coleman, 1977] The result of this particular geometry is that two decoupled regimes of hydrothermal circulation must exist during most of the history of alteration. The first occurs directly over the magma chamber and is continuous across the ridge axis (this is termed the 'upper system'). The upper seawater-hydrothermal circulation system lies exclusively within the pillow lavas and the sheeted diabase-dike complex, and the H20 penetrates downward only as far as the flat roof of the magma chamber. The water cannot penetrate any more deeply than the joint and fracture system will allow, and thus (in geologically reasonable times) the water cannot cross the diabasemagma chamber contact [Taylor and Forester, 1979 The isotopic and alteration effects produced by the upper regime are in part destroyed or masked by later alteration effbcts that come about when fluids from the 'lower system' finally are able to penetrate upward into the sheeted diabase complex at the distal edges of the magma chamber. This will happen as soon as the rocks (high-level gabbros and plagiogranites) are consolidated enough to fracture. In the cartoon (Figure 8 ) this is indicated to occur discontinuously as small pockets of late-stage magma become isolated from one another due to the vagaries of the crystallization process in such a spreading environment. The seawater circulation system within the layered gabbro cumulates underneath the wings of the magma chamber involves very high temperatures (>400øC) and low water/rock ratios (closed system) of the order of 0.3-1.0 (weight units).
The fluid involved in the lower system is seawater that has moved laterally inward from well beyond the distal ends of the magma chamber. Because this water cannot move upward in any significant quantities directly through the liquid magma, it must either cycle (hence the dosed system characteristic) or escape upward at the distal edge of the chamber when conduits in fractured, solidified rock become available at the gabbro-diabase contact (Figure 8 The style of hydrothermal circulation and the geometry of the magma chamber shown in Figure 8 imply that there should be a dramatic shift or abrupt discontinuity in the isotopic record at the gabbro-diabase contact (i.e., at the fossil roof of the magma chamber). This is in fact just what is observed, as both the /t•80 (Figure 3 ) and the 87Sr/S6Sr values [McCulloch et al., 1981] change very rapidly at this boundary, which must represent a discontinuity in both the average temperature of hydrothermal alteration and in the average, integrated water/rock ratio (see Table 1 and Figure 3) . Part of the explanation for higher water/rock ratios in the sheeted complex is the long history of hydrothermal exchange that these rocks undergo prior to crystallization of the high-level gabbro (Figure 8 ). However, in addition, there is almost certainly an abrupt permeability change across the diabase-gab-bro contact as well. The highly jointed dike complex ought to be much more permeable than the gabbros (perhaps by a factor of 10, see Norton and Taylor [1979] ). The combination of finer grain size and higher permeability thus also contributes to the much higher effective water/rock ratios in the sheeted complex relative to the gabbros. The variations in these parameters also help to explain the preservation of the high-temperature alteration assemblages and lack of low-temperature
•80 exchange in the gabbros. The finer-grained, more permeable diabase dikes and pillow lavas will undergo •80 exchange down to much lower temperatures than the coarsergrained, less permeable gabbros. The latter rocks exhibit such effects only along fractures and veins. We do not yet know how far beyond the distal edge of the magma chamber the •80 exchange effects in the oceanic crustal section proceed at a significant rate.
